Increased demand for forest-derived biomass has led to more intensive harvesting practices. However, the export of large nutrient quantities with the harvested biomass may lead to the depletion of soil nutrients. Therefore, improved knowledge concerning macronutrient allocation (N, P, K, Ca, and Mg) to different components in forests along age sequences is crucial for their sustainable management. In this study, we quantified nutrient allocation to different ecosystem components, including trees, understorey, forest floor, and different soil depths within a chronosequence (6-, 15-, 23-, and 35-year-old) of larch plantations in China. We then assessed the danger of significant nutrient losses from whole tree harvesting (WTH). Nutrient amounts in trees increased with stand age due to an increase in biomass. Stems accounted for 59%-72% of tree biomass and contained 40%-50% of total tree nutrients in the 15-to 35-year-old stands. The forest floor's nutrient quantities increased from the 6-to 23-year-old stands and then decreased in the 35-year-old plantations. Conversely, most soil indicators initially declined from 15-to 23-year-old stands and then increased in the 35-year-old stand. The total nutrient stocks were greatest in the soil (0-40 cm), which accounted for about 93%-99% of total nutrients in the larch ecosystem. These data indicate that WTH causes nutrient losses about 2.0-2.5 times higher than stem-only harvesting, when thinning 15-or clear-cut harvesting 23-and 35-year-old stands. However, nutrient losses by WTH have little effect on the soil nutrient pools. Prolonging the crop cycle of larch plantations may be beneficial to improve nutrient return through litterfall and allow available soil nutrients to recover. 2 of 15 in organic C, total N, available P and S stocks in the whole tree harvest treatment in a Eucalyptus plantation, especially at 0-40 cm. However, some studies observed the same result in sites with high soil nutrient stocks even though whole trees may be harvested without substantial reductions in ecosystem nutrient pools [16] [17] [18] . The net annual soil nutrient losses were a very small proportion of the total soil nutrient stores (<0.8, <0.2, <0.02, <0.2, and <0.04% of the soil pools of total nitrogen (N), phosphorus (P), K, Ca, and Mg, respectively) in different-aged plantations of Chinese fir [19] . No negative consequences were found on forest productivity or soil properties in the mineral soil layer and forest floor due to intensive biomass utilization 38 years after harvesting [20] . From the above research, the inconsistent results were found about how nutrient removal via biomass harvesting affects soil properties, and these differences may be related to tree species, site factors, and management measures. The effects of intensive harvest management on soil nutrient status may depend on how much of the total and available quantities of nutrients are harvested in the system [9, 21] . Hence, information regarding nutrient allocation in different compartments of diverse forest ecosystems is needed to reliably judge the sustainability of more intensive harvest regimes [22] .
Introduction
The use of biomass-based fuels for energy is increasing rapidly due to the need for reduced greenhouse gas emissions [1] . One method for obtaining bioenergy sources is the intensive forest management whole-tree harvest (WTH) method, in which the stems, logging residues, and eventually stumps removed from the site [2] may become an alternative to conventional stem-only harvest (SOH), in which only the stems are harvested while logging residues and stumps remain on-site [3] [4] [5] . However, intensive harvest treatments may cause further nutrient losses due to the removal of nutrient-rich components from the site [6, 7] . This has raised concerns on whether more nutrient losses lead to further soil nutrient depletion and lower site productivity [8, 9] .
In considering this phenomenon, numerous studies have reported on the effects of nutrient losses in soil due to WTH or removal of the understory and forest floor [10] [11] [12] [13] . Phillips and Watmough [12] found a mild decrease in the available soil stocks of K and Ca by generating a detailed nutrient budget before and after stem-only selection cutting in sugar maple stands in Ontario. Duchesne and Houle [14] suggested that WTH of boreal forests in Quebec led to substantial net losses of potassium (K) and to a lesser extent calcium (Ca), but not magnesium (Mg). Menegale et al. [15] observed a reduction 
Biomass Determination and Sample Extraction
In each plot, all trees with a diameter at breast height (DBH) ≥5 cm were measured for DBH and height in September 2009. All trees were divided into three size classes (dominant, co-dominant, and suppressed) in each plot based individual DBH. A total of 54 model trees were felled, the stems were cut into 1 m sections, and a stem disc (2 cm wide) was taken from each section as a stem subsample. The live crown was divided into three layers (upper, middle, and lower), and two model branches, which had their leaves completely clipped, were selected randomly from each layer [31] . All branches in each sample tree were cut from the stem and all roots were excavated to a depth of 0.65 m (maximum rooting depth). The fresh weight of each component (stemwood, roots, branches, bark, and needles) for each tree was measured in the field. The stand biomass was determined by the average standard tree method.
The understory biomass was directly measured by harvesting and weighing all plant tissue collected from five randomly selected plots (1 m × 1 m) for the herb layer and one plot (5 m × 5 m) for the shrub layer in each stand. The forest floor was randomly collected from nine quadrates (1 m × 1 m) in each plot and sorted into branches, foliage, and other material (including flowers, fruits, and bark). All samples were weighed fresh, and sub-samples were taken to the laboratory and oven-dried at 80 • C to a constant weight for moisture determination. Three dried subsamples from each component were taken to determine nutrient concentrations. Each component biomass was calculated by multiplying the total fresh weight by the dry weight rate of each component. Nutrient stocks in different components were obtained by multiplying the nutrient concentration by its respective biomass.
Soil Sampling
Nine soil cores of each soil layer (0-10, 10-20, and 20-40 cm) were collected in an "S" shape from each plot after removing the litter layer and then combined into two subsamples in one plot: one was oven dried to determine soil moisture, and the other was air-dried and sifted through a sieve with 2 mm mesh to determine soil chemical properties. The soil bulk density was determined by collecting samples involumetric rings (100 cm 3 ), removing stones (>2 mm diameter), and drying to a constant weight before re-weighing. Three pits in each plot were chosen, and the cylinder was pushed into the vertical face of soil pits. Soil nutrient stocks per soil layer were estimated by multiplying nutrient concentrations with the corresponding weight of the <2 mm soil fraction [32] . The soil nutrient stocks were calculated by multiplying the mean nutrient in each layer by the corresponding mean soil bulk density [19] .
Chemical Analysis
Plant materials were ground by a mechanical mill before passing through a 60 mm mesh sieve. The N concentration was measured using an elemental analyzer (2400 II CHNS; Perkin-Elmer, Boston, MA, USA), while P, K, Ca, and Mg were extracted via microwave nitric acid digestion and measured by inductively coupled plasma spectroscopy (Thermo Scientific, West Palm Beach, FL, USA). For soil samples, pH was determined using a glass electrode with a 1:2.5 soil-water slurry. Soil organic mass (SOM) was determined using heated dichromate titration, and total nitrogen (TN) Forests 2019, 10, 759 4 of 15 was quantified according to the Kjeldahl procedure. Total phosphorus (TP) and total potassium (TK) were measured using the NaOH fusion-Mo-Sb anti-spectrophotometric method and the NaOH fusion-flame spectrometric method, respectively. Total soil Ca and Mg were determined using the acid fusion-atomic absorbance spectrophotometric method. Available nitrogen (AN) was determined by the NaOH-hydrolyzing NH 3 -diffusing H 3 BO 3 -absorption method. Available phosphorus (AP) was determined using the molybdate blue colorimetric method after extraction with sodium bicarbonate. Available potassium (AK) was extracted by 1 N NH 4 OAc solution and measured by a flame photometer. All plant materials were analyzed in the State Key Laboratory of Vegetation and Environmental Change of the Institute of Botany, Chinese Academy of Sciences, and soil samples were examined at the Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences.
Statistical Analysis
All statistical analyses were conducted using the Software Statistical Package for Windows (SPSS 17.0, Chicago, IL, USA). Two-way ANOVA was used to check the influence of stand age, soil depth, and their interaction on soil parameters. Moreover, one-way analysis of variance (ANOVA) followed by a post hoc least significant differences (LSD) test was applied to determine the effect of stand age or soil depth on soil parameters (pH, SOM, TN, AN, TP, AP, TK, AK, Ca, and Mg). Before performing ANOVA, data normality and the homogeneity of variances were tested. Statistically significant differences were designated at p < 0.05.
Results

Soil Chemical Properties
Soil properties (SOM, TN, AN, AP, and AK) were significantly influenced by stand age, soil depth, and their interaction ( Table 2 ). These parameters decreased with increasing soil depth in the 15-, 23-, and 35-year-old larch plantations. However, in the 6-year-old plantation, these were lower in the layer at 0-10 cm than at 10-20 cm. This difference may be mainly explained by differences in land-use history and soil preparation before afforestation. Moreover, SOM, TN, AN, TP, AP, and AK concentrations initially declined from the 15-to 23-year-old stands and then increased. In general, SOM, TN, AN, TP, AP, and AK concentrations were significantly higher in the 35-year-old stand than in the other three stands ( Figure 1 ). In addition, stand age significantly influenced soil pH, which was significantly higher in the 6-year-old plantation than in the other three stands. Both the effect of stand age and soil depth were not significant on soil TK, Ca, and Mg concentrations. 
Nutrient Concentrations
Among the different tree components, nutrient concentrations were highest in needles; intermediate in branches, roots, and bark; and lowest in stemwood ( Figure 2 ). Nutrient concentrations in needles, roots, and branches followed the order of N > K > Ca > P > Mg, while concentrations in stemwood and bark ranked as Ca > N > K > P > Mg. All nutrient concentrations in stemwood decreased with stand age, except for Ca and Mg, which increased. P and Ca concentrations in needles declined with age. In the understory, nutrient concentrations were highest 
Among the different tree components, nutrient concentrations were highest in needles; intermediate in branches, roots, and bark; and lowest in stemwood ( Figure 2 ). Nutrient concentrations in needles, roots, and branches followed the order of N > K > Ca > P > Mg, while concentrations in stemwood and bark ranked as Ca > N > K > P > Mg. All nutrient concentrations in stemwood decreased with stand age, except for Ca and Mg, which increased. P and Ca concentrations in needles declined with age. In the understory, nutrient concentrations were highest in the shrub leaves and above-grass, intermediate in shrub roots and below-grass, and lowest in the shrub branches ( Figure 2 ). All nutrient concentrations were higher in understory components than in all tree components (except Forests 2019, 10, 759 6 of 15 needles). The N concentration was similar between shrub leaves (24.3-29.1 g kg −1 ) and larch needles (18.5-24.6 g kg −1 ). P and Mg were highest in below-grass, with~2 or 3-fold higher concentrations than in larch needles. K concentrations were 17.6-27.9 g kg −1 in above-grass-the highest among all components and 3-fold more than that in larch needles. Ca concentrations reached 14.4-19.5 g kg −1 in shrub leaves, approximately twice that in larch needles. In the forest floor, N, Ca, and Mg concentrations increased with stand age, whereas K and P concentrations decreased. The forest floor had the highest Ca concentration at 17.0-19.4 g kg −1 , medium-high N concentrations, and low concentrations of Mg, P, and especially K. 
Nutrient Allocation
The pattern of biomass allocation among various tree components was the same in the 15-, 23-, and 35-year-old plantations (stemwood > roots > branches > bark > needles), but not in the 6-year-old stand (stemwood > roots > branches > needles > bark) ( Table 3 ). Nutrient accumulations in trees 
The pattern of biomass allocation among various tree components was the same in the 15-, 23-, and 35-year-old plantations (stemwood > roots > branches > bark > needles), but not in the 6-year-old Forests 2019, 10, 759 7 of 15 stand (stemwood > roots > branches > needles > bark) ( Table 3 ). Nutrient accumulations in trees increased with age due to an increase in biomass. Regarding the proportion of tree biomass, stemwood was greatest at 33.7%-54.8%, but nutrient quantities were only 12.1%-33.2%. Needles contributed the least to total tree biomass, accounting for only 4.5%, 3.7%, and 2.3% of tree biomass in the 15-, 23-, and 35-year-old stands, respectively, while total nutrient amounts in needles accounted for 21.5%, 19.1%, and 12.2%, respectively. In the 6-year-old plantation, N accumulation in trees was highest, accounting for 37.7%, followed by Ca, K, P, and Mg. However, in the remaining three stands, Ca accumulation was the most abundant, ranging from 32.9% to 44.3%, followed by N, K, P, and Mg. In the understory of the 6-year-old stand, the nutrient quantity was 467.3 kg ha −1 , which was about three times that in trees. In the remaining three stands, the understory nutrient stocks ranged from 214.2 to 241.3 kg ha −1 , which approximately accounted for 14%-20% of the total vegetation and forest floor nutrient stocks ( Table 4 ).
The nutrient stocks of the forest floor accumulated 13%-35% of the total vegetation in different-aged stands. These stocks increased from the 6-to 23-year-old stand, and then decreased in the 35-year-old stand. In all stands, the forest floor accumulated the highest proportion of Ca, followed by N, Mg, K, and P (Table 4 ).
Compared to the trees, understory, and forest floor, the soil nutrient pools were very high. N and P stocks in soil accounted for around 93% of each respective total nutrient in the larch ecosystem, while K, Ca, and Mg stocks in soil accounted for about 99% (Table 4 ). 
Discussion
Nutrient Concentrations
Among the tree components, nutrient concentrations were generally highest in the needles; intermediate in branches, bark, or roots; and lowest in stemwood, a tendency that is widely documented in previous studies [33] [34] [35] . In this study, N, P, and K concentrations in stemwood decreased with age. This is attributed to nutrient translocation and the dilution effect [36] . Conversely, Ca concentration in stemwood increased with age, which is likely due to the fact that Ca is the least mobile of the macronutrients and accumulates in structural tissues such as stems [37] . N concentrations were higher in larch needles (22 g kg −1 ) than in radiata pine (13.4 g kg −1 ) and Chinese fir (13.1 g kg −1 ) needles [38, 39] . However, as a deciduous needleleaf species, larches can retranslocate approximately 60% of the nitrogen from their senescing needles [40] . N concentrations in stemwood decreased with age from 0.8 for 6-to 0.43 g kg −1 for 35-year-old stand, which is in agreement with the findings by Zhao et al. [29] . In their study, the authors report a reduction in N concentrations in stemwood from 0.8 to 0.6 g kg −1 as age increased in age-sequence Larix olgensis Henry. plantations. Moreover, these results were much lower than those presented by Yang et al. [27] , who reported that N concentrations in stemwood increased with age, reaching up to 2.5, 3.7, 5.0, and 5.1 g kg −1 in 10-, 21-, 34-, and 55-year-old larch plantations, respectively. These data can be argued for two reasons. First, in almost all previous studies, N concentrations in stemwood were widely believed to decrease with age [18, 29, [36] [37] [38] . Second, the concentrations reported in most previous literature never reached 5 g kg −1 , even in broadleaf species with higher nutrient requirements [12, 13, [41] [42] [43] [44] [45] . Furthermore, it is worth noting that the forest floor had the highest Ca concentrations, which increased with age. Hernández et al. [46] found that Ca concentrations tended to increase over 24 months of decomposition. This may be attributed to the litterfall decomposition process, during which Ca is most slowly depleted due to the structural compounds in litter, and only a small proportion is present as free Ca +2 [47] .
Nutrient Allocation to Different Compartments
Stemwood represented the highest proportion of tree biomass (49.6%-54.6%) and a relatively lower percentage of tree nutrients (26.4%-33.9%; Figure 3a) , which is consistent with many studies for other tree species [38, 48] . Furthermore, the tree biomass accounted for 79.5%-89.5% of the total vegetation and forest floor biomass, which only contained 53.6%-66.2% of the total vegetation and forest floor (Figure 3b ). Therefore, larch stems only accounted for a quarter of the total vegetation and forest floor nutrients. The understory contained 27.2%, 20.9%, and 18.3% of the total vegetation nutrient quantities in the 15-, 23-, and 35-year-old stands, respectively, while it accounted for only 13.2, 8.2, and 5.6% of the vegetation biomass, accordingly. Although they formed a relatively small portion of the total biomass, the understory and forest floor were significant components of nutrient cycling [49, 50] .
Stemwood represented the highest proportion of tree biomass (49.6%-54.6%) and a relatively lower percentage of tree nutrients (26.4%-33.9%; Figure 3a) , which is consistent with many studies for other tree species [38, 48] . Furthermore, the tree biomass accounted for 79.5%-89.5% of the total vegetation and forest floor biomass, which only contained 53.6%-66.2% of the total vegetation and forest floor nutrient amounts in the 15-, 23-, and 35-year-old plantations (Figure 3b ). Therefore, larch stems only accounted for a quarter of the total vegetation and forest floor nutrients. The understory contained 27.2%, 20.9%, and 18.3% of the total vegetation nutrient quantities in the 15-, 23-, and 35-year-old stands, respectively, while it accounted for only 13.2, 8.2, and 5.6% of the vegetation biomass, accordingly. Although they formed a relatively small portion of the total biomass, the understory and forest floor were significant components of nutrient cycling [49, 50] . The understory biomass in all examined stands was rich in species and accounted for at least 5.6% of the total vegetation biomass in this study. Conversely, understory vegetation developed poorly and inadequately, with an average coverage of 30% due to the high coverage of larch trees (90%). Hence, the understory biomass accounted for less than 3% of the total vegetation biomass in the intensive larch stand [28] . This difference may be due to the influence of different thinning treatments, which could rapidly increase understory cover and abundance due to increased light availability [51, 52] . Most new species were established within the first year following thinning [53, 54] . Thinning was conducted in the 15-and 23-year-old larch plantations in 2008, and the understory biomass was investigated in 2009. Nutrient stocks in the understory were three times greater than those in trees in the 6-year-old larch plantation, indicating that nutrient competition The understory biomass in all examined stands was rich in species and accounted for at least 5.6% of the total vegetation biomass in this study. Conversely, understory vegetation developed poorly and inadequately, with an average coverage of 30% due to the high coverage of larch trees (90%). Hence, the understory biomass accounted for less than 3% of the total vegetation biomass in the intensive larch stand [28] . This difference may be due to the influence of different thinning treatments, which could rapidly increase understory cover and abundance due to increased light availability [51, 52] . Most new species were established within the first year following thinning [53, 54] . Thinning was conducted in the 15-and 23-year-old larch plantations in 2008, and the understory biomass was investigated in 2009. Nutrient stocks in the understory were three times greater than those in trees in the 6-year-old larch plantation, indicating that nutrient competition may exist between trees and the understory prior to crown canopy closure. This result was consistent with the findings by Alifragis et al. [36] , who reported that nutrient accumulation was considerably higher than that in the understory vegetation for younger stands, as compared to Aleppo pines. Furthermore, nutrient uptake by trees mainly resulted from understory litter decomposition in the first three years after crown closure [55] .
The forest floor stands out as a central compartment in the ecosystem that functions in nutrient cycling [56] . Biomass and nutrient stocks in the forest floor peaked in the 23-year-old stand and then decreased in this study. This pattern was consistent with the findings by Peichl and Arain [31] , who examined forest floor biomass in age-sequence temperate pine plantations. These changes are partly due to thinning treatments and changes in light access within the environment. The initial increase was mainly due to greater litter inputs and lower litterfall decomposition rates, while the later decline was attributed to stimulated decomposition on the forest floor and reduced litter inputs following thinning [49, 57] . Furthermore, greater amounts of nutrients released into the soil led to higher available soil nutrient concentrations at the 35-year-old plantation, indicating that successional thinning in larch plantations promoted understory vegetation growth and accelerated litterfall decomposition [43] , which could improve soil properties [58] .
Overall, our results regarding nutrient stock allocation to different compartments emphasized the importance of soil in the larch ecosystem. A decline in productivity due to soil nutrient losses was unlikely at the investigated sites, as even WTH-mediated nutrient removal in the 35-year-old stand was a small percentage of the total nutrient stocks in the larch ecosystem. This is in accordance with many similar studies [38, 59] . Ma et al. [19] reported that the net annual loss of soil nutrients due to harvesting a 24-year-old Chinese fir plantation was a very small percentage of the total soil nutrient capital. Net nutrient removal due to the harvest of a 70-year-old spruce-fir stand combined with hydrologic losses did not exceed 5% of the total site capital [60] . Stark [61] stated that it would require 28,000 years of clear-cutting on a 70-year rotation to exhaust the total nutrients in a larch/Douglas-Fir, and nutrient losses may cause little harm in relatively rich soils. Although these studies examined different kinds of tree species and site types ( Table 5 ), N quantities in trees (220-372 kg ha −1 ) accounted for a similar percentage, 3.5%-6.2%, of that in soil stocks (4188-7720 kg ha −1 ). Therefore, regarding nutrient quantities, sites with similar soil conditions to those found in these studies should be able to support sustainable development and long-term productivity [62] . Fortunately, many larch plantations were planted on relatively fertile soil, such as dark-brown forest soil in China. Based on the results obtained in this study and related literature ( Table 5 ), it can conclude that nutrient losses via harvesting in sites have little effect on soil nutrient pools. 
Nutrient Exports through Harvesting
Estimates of nutrient losses due to differing harvesting scenarios are shown in Table 6 . The data showed that nutrient losses via thinning with WTH was 2.5 times higher than that with SOH in the 15-year-old plantation. The most nutrient-rich components (i.e., needles and branches) should remain at sites to avoid nutrient losses after thinning [63] , particularly during early stand thinning [64] . Compared to WTH, SOH could obtain 71.9% and 62.0% of the total tree biomass in the 23-and 35-year-old stands, respectively, while removing only 49.7% and 47.6% of the total tree nutrients. This result is in accordance with several other studies, which reported that WTH increases nutrient removal by 2-to 3-fold in pine, spruce, birch, and larch stands compared to SOH [27, 45] . Nutrient concentrations, especially Ca, were generally higher in bark than in stemwood [1, 65] , but applying the debarking treatment is not recommended for three major reasons. Firstly, compared to the needles and forest floor, low nutrient concentrations in bark make decomposition difficult. Therefore, bark may take much more time to completely decompose and release nutrients into the soil [46] . Secondly, the main purpose of stem debarking is to primarily reduce Ca loss [16, 66] . However, Ca concentration was clearly lower in bark than in the forest floor, in which much Ca must have accumulated. For instance, Ca stocks were only 63.3 kg ha −1 in the bark and 130.1 kg ha −1 in the forest floor of the 35-year-old stand, respectively. Most importantly, the debarking treatment would be highly uneconomical with current harvesting systems [16, 67] . Of course, a higher Ca concentration in bark was also widely observed [37] . Therefore, debarking application may be reconsidered for Ca-limited sites. When aiming to maximize biomass harvesting for bioenergy, root lifting is a better alternative than logging residue removal without considering harvesting costs [22, 64, 67] . Our data indicate that roots account for a large proportion of tree biomass, particularly in the 35-year-old stand, but root nutrient concentrations were significantly lower than that of needles, branches, understory, and forest floor. In general, ensuring an appropriate harvest rotation length in northern forest ecosystems, especially conifer-dominated forests, could be a simple way to enable forest recovery from slight to moderate effects caused by previous intensive harvests and to maintain forest ecosystem services [63, 68] . This study indicated that prolonging the harvest rotation from 23-to 35-year-old stands would be a feasible management practice for improving nutrient use efficiency (except for Ca) and recovering available soil nutrient concentrations.
Conclusions
Our study provides detailed information on nutrient allocation (N, P, K, Ca, and Mg) among different compartments (the trees, understory, forest floor, and soil) of the larch ecosystem. Stems contained 40.4%-49.7% of total tree nutrients in the 15-to 35-year-old stands. Meanwhile, the trees accounted for 53.6%-66.2% of the total vegetation and forest floor nutrients in all stands, except in the 6-year-old stands. Moreover, compared to the trees, understory, and forest floor, soil nutrient pools accounted for about 93%-99% of total nutrients in the larch ecosystem. Therefore, regarding nutrient quantities, nutrient losses via harvesting, even by WTH, have little effect on the soil nutrient pools. In addition, extending the crop cycle would be a feasible management practice for improving nutrient use efficiency (except for Ca) and recovering the available soil nutrient concentrations. Keeping the nutrient-rich residues on-site would reduce nutrient losses, whether thinning 15-or harvesting 23-and 35-year-old stands. When aiming to maximize biomass harvesting and minimizing nutrient losses, root lifting is a better alternative than logging residue removal. Overall, rational thinning treatments, such as successive thinning conducted on the 35-year-old plantation, can increase the understory cover, promote litter decomposition, and allow available soil nutrients to recover.
